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NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment msy have formulated, furnished, or in any way
supplied the sald drawings, specifications, or other
data 1s not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveylng any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



FOREWORD

This publication wis prepared under contract for the:
. Joint Publications Research Service as a transiation’
g or foreign-language research service to the various
*  federal government departments,

The conténts  of this material in no vay represent the
policles, views or attitudes of the U, S, Governmént
or of the parties to any distribution arrangement, e
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T JPRSs 18,245 ]
ISOTHERMAL SINTERING OF METALLIC

POWDERS UNDER PRESSURE
- USSH -
[Following is & translation of an article by

M. Yu. Bal'ghin and A, A. Trofimova in the
Russian language pericdical Izvestive Akadenmii
Nauk SSSR, Otdeleniye Tekhnicheskikh Nauk,
Metallurgiyve i Toplivo(News of the Academy of
Sciences, USSR, Department'of Technical Sciences,
Metallurgy and Fuel), No 6, Moscow, Nov/Dec

1961, pages 45—5lJ

This report deals with sintering under pressure
of powdered copper, nickel and iron of varying fine-
nesses, The gintering was done in a special dilatom-
eter with graphite press-forms, at several temperas-
tures and under pressures from two to 84 kg/sq cm.
Pressure was applied on reaching a required level
of temperature, heating rate being abcut 12 deg/min.
Duration of isothermal treatment was 256 minutes,
with recordings of change in samyle size being made
at intervels of 1,2,4,8,16,32,64,128 and 256 minutes,
Sintering and cooling took plasce in & hydrogen at-
mesphere. ‘

During sintering under pressure, a powder con-
glomerate contracts both from relative displacement
or slipping of the particles(interparticle deformation)
‘and from irreversible deformation of the particles them-
selves (intraparticle deformatiorn) (a). Tests have shown
that both these types of deformation teke place within
{the first few minutes of sintering. ' __J
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Wxperiments sye wgpecially conclusive when aintéring
copper powders, obiainud from sciiditication of fused
copper cable having particles of true sphedoal form.
Mder contraction from irterparticie shifting alone,
contact between particles of these powdels can ocour
only at digerete pointe; formation of largs flat con~
tact areas can then ocour only because of dlrreversible
detformetion in the individunl paridclicea.

Tor example, coarge powdered copper of sphericel
particle form {0.04+0.063 mn) was heated at & pressure
of 32 keg/mq om to 950°‘in approxinately one minute,
Microphotographs of samples (Fig. 1) show in s subglan-
tial number of particles Lthe fliat conteot areas that
are formed by intrapariicle deformation. At the sane
time many contacts are egeen to be of & poinb-contact
neture. which verifies the simultaneous aceufrence of
interparticle shifting. '

Figure 1. Microphotograpas of granvistsd coppsyr, sinbersd sl
950 under 32 kg/sq cm for ons minube. se200X, HeSOON
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porosity does not decresge to .the maximum density value
for spherical particles (25%),-but enly to 33%. In prine
ciple guch & degres of Lnrtraat¢on could be achieved

due Ho interparticle deformation aloné; however in thisg
cage irreversible intraparticl& deformation also dié
seour. '

Irreversibvle intraparticle deforxmatiocn iAn the vi-
cindty of the contsct ares may occour from plastic defor-
maticn or from flow (creep) of the particle magg —- or
from & combination of both these procosses., Plilot tests
in gtudying the kinetiecsg of change in sn individual
o uring hesting under constant pressure (L) havé
T it ig deformed due to botn plastic deforme-
ticn and ereep. In this case the plastic deformation
waes essentislly slready completed within the first

gt, with cresp deformation then taking
gter intervals.
It was noted in {(b) that in the initisl sitages of

gintering plastic deformetion la wnsvold:
where contact ares approaches zsro, contact pressure
aprroaches infinity, and in zsny ocase exceéeds the ori-
tical »ressure level Sk gt which plastic deformation
thue in aay event, contact aresg during the

fivet minute of heat and pressure aplication are

formed ag & result of irreverzible plastic defnrmuﬁ Lon
of the ntacting varticles. During the second o the
fourth minutes, with confact ares losding now less thao
Sk. irreversible deforration continues due to craep.
: Many other researchers suggest that doring sintering :
L et

It must be em:hPBlzed thﬂ upvn ginterdng, the ~j



Y not only contiunuwous flow of raterial vut alsc plastic ‘]
deformation takes place (¢,d). '

Ags Table 1 shows, a large percentage of the total
volumetric change in the granulér mass occurs in the
firet minute of sintering; during the time of plastic
deformation; the percentage rises with increased pres-
gure.

Table 1

Sintergng of electrolytic copper
at 9007 :raitio of volume change in
firet minute to total chenge in
256 minutes, as a function of

pressure.
Pressure, (av).
kg/sq om Tmﬂ;',%
256
8 25 '
16 46
32 54
64 68

£4

Cne means 6f determiring instantanesus rat- of
volume contraction, dv/d%, in the initial moment, was
by graphical differentiation, ueing the tangent to the -
v-t curves at the appropriate point and taking v as

the relative volume. In this case,

-
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gv/at = ‘tan @ (1)

v!l/t!

where # ie the angle between the tangential line and the
absaligss, v'/t' is the scale factor for v and ¢ as cho-
gsen for the graph, and dv/dt is the rate of contraction
of the relative vciune of the granulated masu. (Note~
the quantity'dv/dé is proportional to the instantaneous
rate of contraction av/v at, where v, is initisl rela-
tive volume of the grenular mass but ls constant for a
given material, not depending on pregsure or tempera-
ture).

The rate dv/dt decremses in spproximately inverse
proportion to time. As an example, let the ascale factor
v/t be such that for (dtv/'d"i:)_..L at the end of the first
minute, tan @ = 1. Also let

(dw,

. / \
(av/dt)gq = dt)1 @t the 50th min.

At

(dv/at)loox ifz/at)l at the 100th min.

(av /8% ) 50= (dv/gf); at the 200th min.
Phen the tangsnt valﬁes sre respectively 0.02, 0,01

and 0.00%; for the chosen scale the granhiéally found
values of tan & &t 50, 100 and 200 minutes practically
coincide, even though the raetes (dv/d%) are seen to be
in & 4:2:1 ratio. If the scale factor v'/%4' in the last
portions of the v - t c¢arve be increased by 100 times
jrelative to the initial portions, then tan @ becomes “~J

e
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2, 1 and 0.5 respectively far the 50, 100 anda 200
minute times and 4v/4% can be round graphically with
suffiocient asccuracy.

The graphical error in. determlnlng tan 8 (or
cot ©) is +0.02-0.03, with adequataly objective drawing
of the tangent. For ten ¢ = l,‘error is also 2-3%; for
tan © = 0.5 or 2, 4~6%, and for tan & = 0.2 or 5 the
error is as high as 10-15%, Thus the graphical method is
accurate enough only when using a scale factor for which
tan © lies between 0.05 and 2. Even in this case, the
method is very laborious and does not exelude the posei-
bility of appragiable éubjective erporf

A less laboripus méethod and one that is free of
subjective error is the caleuliation of instantaneous
rate dv/dt from “the mean contrection rate Av/At in the
time interval t=%,—%,. According to ILagrange's Theorem,

av/at = (dv/at), ; (2)

where (dv/'c“i‘t)x ig the instontaneous rate at the moment
tx, taken in the interval t2~t1.

In ordinery sintering (e) and also, as our resulta
showed, in sintering under pressure, the kinetiecs of cone -
traction in a fino powder are adequately éxpreassed by
the eguations

av/at = 1/mt | (3)

av = 1n(t-t) " (3a)
mn

-



fwhere m is & conmbant, (Note- the minus sign has been
omitted from dv and Av.) After subst.ituting values of
dv/dt and m from eguations (3) and (3z) ivte (2) we get

A\f

(av/at), = 1/nt, = Y Covi Av/at
ol At - d
by = Init27¥z3 (4)

In the event, am in this case, that t,/t; = 2,
then ' :

- at .
t, = T;m =1. 44t (5)

FPor a less rapid dropoff of contraction rate
with time than in (3), which would be the case for
ccarge granules, for t,,}/tI = 2 we hsve

1.44%, € t_ € 1.5%, (6)

Analysis shows that in these cases For determi-
nation of (dv/&tx) using the l;44t1 value in (4) ang
(8) yields o somewhat low value, with an error not
worse than 4%. Conversely, our studles have shown that
for faster dropofi of contraction rate than given by
{31), calculations from (4) and (5) give a slightly
high velue, with error again lesg than 4%. Comparing
regults from bhoth the graovhical and anslytical deter-
mination of instantanecus contraction rate, the latter -
is preferable, using equations (4) and (5).

1
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Tﬁ According to Williams (o), the rate of volume 1
contraction under pressure sintering takes on s consg-

tant value with time. Thie view le erroneous, based on
the above degerived drop in accuracy in graphical de -

termination of dv/dt when using identical scales for the’
initial and final portions of tne curve; and it is not
borne out by Willlams' own data., According to our data,
s continuous decrsase in contraction rate dv/dt occurs
with time -—- see Fig., 2 and Tuble 2.
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Pigure 2. Dependence of powder contraction
rate on gintering time, for various
pressures. Curve numbers are pressures,
kg/sq om.

a - elsctroiytically geposited Cu, -
temperature = 700

b - fine nickel carbonyl, 950°

¢ -~ jet-powdered %ron(under G
microns), 860
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Table 2

Change in contraction rate dv/dt
with time in isothermal pressure
gintering of electrolytically

deposited copper, nickel carbonyl

and jet-powdered iron.

-

R Material | Granule T °a| P, (&v/at
' micron&’ sint’ ‘.ké/éq cm 5 i’44
ad 4.7
Copper to 5 700 2 40.0
‘ ' 4 45,0
8 80,0
' 16 100,90
32 180.0
64 160.0
Nickel 40 5 950 4 © 12.00
' 8 108,00
- 16 115,00
- 2R | 170.00
Iron b ko 90 860 32 99,52
16 60.00
8 37.52
. 4 34,28
to 90 960 a2 29,50
16 22,95
. ‘ 2 51.82
S 3.5¢
150-250 860 32 75.50
16 49,32
8 42.20
4 24.80



Iron 150-250 | 960 | 32 . 30.55
16 33.60

8 16.60

4 . 20,80

In Fig. 3 ie shown the variaiion in relative
densgity & of thé powdered neterials with time of igo-
thermal sintering treatment. Theme graphs show the
impossibility of drawing a straight line through any
three points of e curve{ thus intervals with a linear
relationship of ¢ to t are lacking -- that is, por-
tions with constant contraction rate 4@g/dt.(Note-the
impression that the curves of Fig. 3 attain a-linear
character after & long time is false, based on the
previously cited decrease in accuracy in determining
ten @ when using the same scele for drawing all the
portions of the curve). '

AUEEREE NN
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Figure 3. Powder density vs. sintering
v“ime at various pressures.
Curve numbers are pressures,
kg/eq cm. o
a-electr., deposited Cu, 700o
. : b-fine nickel carbcayl, 950
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‘ Por fine powders, especially urder gufficiently }
heavy pressures, contraction varies in almogt inverse
proportion to the interval of isothermal treatment, in
scoordance with equation (3), and the decrease in rate
of contraction ig practically independent of pressure
for & given interval t. For coarse powders contraction
rate algso falle off countinuously with time, although
nrore slowly than the fine type; and contraction rate
dees increase with pressure,

From the data of Fig. 3 we may celculate the
relationship of contraction rate tc preseure during
gintering. Por exsmple, the contraction of electrolyti-
cally Fine dopper (Fig. 3a) from ¥ = 61% to 66.2% at
kg/sq cm pressure took 174 minutes, out at 8 kg/sq onm
it needed only 44 minutes to reach the same volumetric
contraction., Létting V = eontractlon rate, the ratio
ci contraction rates is

P

i

= (A+Y_ /{A+) 204
Vafvl" (atgl/(At)g .98
whereas the prazssure ratio pz/hl = 2, thus

W0

V'Z'/‘jl z(p;_)/pll (’7)

from which, after substltuting corresponding values of
Vos Vqs Py and pq we obtein n = 2 for the given exsmple.
With change in sinteriug pressure on coprer powder from
two to 64 Pp/éq cm, the value of n remained effectively
constant. Velues of n for the different powiers are

T\;
u

LJ

given in Table 3, which showa n varving from 2 to 5,
If we exclude the cese of sintering iron at a heat

=, J
—— ————

1
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Tﬁslightly abtove that of the ¢ to » transformation, theéuj
n veries from 2 te 3.9. '

Zable 3

il

0.

Sintered Material Tsint’ G i i
Iron (tc 90 micren)| 8GO, 2.0-2.4
. [ 1] 1] ! 960 4-.‘ O“"S . C
o (180=250 mier.] 860 2,0.3,0
} w " Q60 - 3.5-4.5
Nickel carbonyl 950 | 2.9-3.7
Electrolytically : |
.* deposlted Cu 700 2.0-2.1

From refaiénce (¢)y, n = 2 %o 3.2; from the data
of (a), under conditions of effective sintering at
quasi-vigcous flow, n = 2. Values of n grester than 2
can ve mostly explained ss due to a more appreciaﬁle
grein size, and by loss of activation in the bowder
at lower pressures, whers a longer time is needed to.
attain & given degree of condraction. |

The deviéfion of n from the valus 2 can also
be explained bty other facters., Contraction of the pow-

der, as BRoted earlier, cccurs nct only wuecause of

w—nee



rﬁdefcrmati@n st Ladividual één tacte but alao qum the
relative sghifting of the porticleg. Under increased
pressures the ratio of these two effects alters in
Ffavar of the more raplid one, i.e. particle shifting,
due to which faoct the guantlty n cen be lavger than 2,

| The contraction rate sf'copyar &8 nickel pow-

ders lia inversely proportiocnsl to trestment time only

)

gt guffi

PO
et

@ i

ciently nig&h pressures (see Fig. 2, Table

At pressurss below B ke/sg om for copper or 18 kg/mg cn

for mickel, the powder is actually sintered under &
PYEEE (p+p ) where p = applied pregsure and o,
is cavnllurv prepgure; the latter may cnly be neglec-
‘ ted when applied pregsure grantliy exceeds It. With
incrense in contact surface and sin tering time the
valuz of Byer and hencs of.{p+pk), ineresses. Thus in
the case of copper and nickel (Fig.'ﬁ, Table 2) when
T fe less then 8 end 16 ke/aq ﬁm reapectively, the
quentity (§+pk).inereases with sintering tims, with
the result that at low pressuree there ig & glower
dropeff in e@ntraction rate than =07 high pressures
The alower decresase in contraction rate for
cosrse powdsrs of low activity (Pig. 2, Table 2) is

§ explained by the slower drop in activity of thess J

]



fﬁwhen compared Ho the fine powders ét a given time, *~]
Regarding the high vélues of the exponent n in

squation (7), the é tﬁacfian rate can be aarkedly
incrsasged in 3:ﬁ+mr1ng “a;nwfll}eu masses such ag
porons filters, under pressure; Int : 1f o= 3 oF 4

and Py~ 1lkg/zq om, as for céaﬁae powders, then at an
applied p of 10kg/sq on the sintering spesd goes up

10% times, thet is, Ly a facbor of 10° o. 10%. Such
irereases in sinterimg‘gpe@& aﬁe readily schievable

in practice.

Conclusions:

A Y

1. Plastic deformation pleys an asctive

puxt Lo the first two or three minutes

<

F pressure sinterding.

‘1
3]

2. Pressure lneresages sintering speed
aftar the initiel aminutes Ly the
reletion

. £ VI ‘ . -
VAP '\pl/p,:‘; where n 2 2

N

The decrease in sintering apeed of

Lt
M

=

powé.ors, ecpecially comrse types, is

O
}-f\

feet by a V”chlré of prasgeuvrs, For

disperasd powders under high enough w}
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resaure s, the desrsase in eintering .~1
cpeed fox a given interval 1s practi-
cally independent of pressure.
4. Fressure effectively increases speed
of gintering by incressing both plastic

deformation and rate of creep.
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